Synapsin I is a neuron-specific phosphoprotein associated with the membranes of small synaptic vesicles. Its function is not entirely clear, but evidence points to a possible role in the regulation of neurotransmitter release. Its biosynthesis is under developmental control. Assignment of the human synapsin I gene to the X chromosome at band Xpll was accomplished by in situ hybridization, using a rat cDNA probe. Southern blot analysis of DNAs from a panel of human-Chinese hamster somatic cell hybrids with defined regions of the human X chromosome confirmed the in situ mapping data. The mouse synapsin I gene was assigned to the X chromosome, proximal to band XD, by Southern blot analysis of Chinese hamstermouse somatic cell hybrids with normal or rearranged mouse X chromosomes. In situ chromosomal hybridization experiments localized the mouse synapsin I gene more precisely to bands XA1-A4. These results add to the comparative gene map of mammalian species and support certain hypotheses regarding the evolutionary relationship between human and mouse X chromosomes. We hypothesize that the synapsin I gene could be mutated in human X-linked disorders with primary neuronal degeneration, such as the Rett syndrome.
Synapsin I is a neuron-specific phosphoprotein composed of two related polypeptides, synapsin la and synapsin lb, of apparent molecular weight 86,000 and 80,000, respectively (1) . The appearance of immunohistochemically detectable synapsin I correlates with synapse formation during ontogenesis (2, 3) , and the protein is concentrated at presynaptic nerve endings of the central and peripheral neurons where it is associated with the membrane of small synaptic vesicles (2, 4) . Synapsin I is phosphorylated by cyclic AMP-dependent and Ca2+/calmodulin-dependent protein kinases on multiple sites (2, 4, 5) . This phosphorylation may modulate synapsin I function, which has been proposed to be the regulation of synaptic transmission. Synapsin I has also been shown to bind spectrin and to be immunologically related to the erythrocyte cytoskeletal protein 4.1 (6) . Recently, a cDNA that detects two synapsin I mRNAs has been isolated from a cDNA library prepared from rat brain poly(A)+ RNA enriched for synapsin I message (7) . Using this cloned probe, we have assigned the human synapsin I locus (S YNI) to the X chromosome at band Xpll and the mouse Syn-J locus to the X chromosome at band XA1-+A4.
This localization of the synapsin I gene can shed light on the evolutionary relationship between the X chromosomes of these species. It is known that genes on X chromosomes of mammals are conserved (8) . A gene on the part of the X chromosome that becomes inactivated in female somatic cells in humans will also be X-linked in mouse, but the order of homologous loci along the two X chromosomes is altered (9) . Striking differences in morphology and banding patterns of the human and mouse X chromosomes suggest that intrachromosomal rearrangements are likely to be responsible for this discrepancy of gene order. The precise chromosomal locations of homologous X-linked genes, therefore, offer valuable information for tracking evolutionary intrachromosomal rearrangements. The evolutionary implications of our synapsin I mapping data, as well as the possible involvement of synapsin I in X-linked neurological diseases, are discussed.
MATERIALS AND METHODS
Hybrid Cell Lines. Hybrid lines derived from eight fusion experiments between human leukocytes or fibroblasts and V79/380-6 or Don/a23 Chinese hamster cells were used for the human chromosome mapping (10, 11) . The human donors in hybrid series XII and XIII carried a balanced reciprocal translocation t(X;14)(p22.2;q21) (10) . The derivative X chromosome of these hybrid cell lines ( Fig. 1) included region Xp22.2--qter (region E). In one subclone of series XII (XII-2D-ld aza), the long arm of the derivative X chromosome was lost during culturing in medium containing 8- azaguanine, and only region Xp22.2-*cen was retained (region B). Hybrid cell lines from series XVIII contained an X chromosome missing Xp21.1-*Xp21.3 because of an interstitial deletion (region A) (11) . Series 26, 28, and 31 hybrids were derived from human donors with the balanced reciprocal translocations t(X;11)(p21.1;q13.5) (13) , t(X;9)(p21;q22) (13) , and t(X;4)(p21;q31) (U.F., unpublished data), respectively, and contained either Xpter--Xp2l (region C) or Xp21->Xqter (region D) (Fig. 1) .
Chinese hamster-mouse hybrids of the EAS and EBS series (14) , recently subcloned in our laboratory, were used for synapsin I gene mapping in the mouse. Regional mapping on the X chromosome was performed with hybrids generated by fusing fibroblasts of a male mouse carrying the Searle t(X;16)16H translocation with V79/380-6 Chinese hamster cells (15) . Subclone I-13A-la aza, having retained only the derivative chromosome 16, composed of the proximal half of mouse chromosome 16 (16A1-16B5) and the distal half of the X chromosome (XD--XF4), was informative for Syn-J mapping. When hybrid cell lines were expanded in culture for DNA preparations, their chromosome constitution was reexamined at the same time.
Hybridization Probe. The same probe, 5E2, was used for in situ chromosomal hybridization and somatic cell hybrid analysis. 5E2 is a 1.7-kilobase (kb) EcoRI cDNA fragment complementary to synapsin I mRNA isolated from rat brain (7) . It hybridizes with both mRNA species (7) .
In Situ Hybridization. Synchronized peripheral lymphocyte cultures of two normal human donors and a mouse bone marrow-derived cell line were processed for chromosome preparations (16) . The rat synapsin I cDNA probe was Abbreviation: kb, kilobase(s).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. nick-translated with three tritiated nucleotides (dATP, dCTP, and dTTP) to a specific activity of 1.5 x 107 cpm//g. In situ hybridizations to human and mouse chromosomes were carried out as described (17, 18) .
Southern Blotting. High molecular weight DNA was extracted from Chinese hamster cells, human lymphoblastoid cells, mouse 3T3 cells, and somatic cell hybrids as described (19, 20) . Ten micrograms of genomic DNA was digested to completion with EcoRI using a 4-to 7-fold excess of enzyme. DNA fragments were separated by electrophoresis, transferred to nitrocellulose filters, and hybridized to the rat synapsin I cDNA probe as reported (18) . RESULTS SYNI Mapping in the Human. In situ hybridization of the rat synapsin I cDNA fragment to human chromosome preparations revealed a single site of specific labeling on the proximal short arm of the X chromosome. Thirty-six of 105 metaphase cells (34.3%) exhibited silver grains over band Xpll ( Fig. 2A) . Of a total of 195 grains scored, 37 Southern blot analysis of DNA from 17 Chinese hamsterhuman somatic cell hybrids confirmed these conclusions. Hybridization of the 32P-labeled rat synapsin I cDNA probe to EcoRI-digested genomic DNA detected a 10-kb and a 1.45-kb fragment in human control DNA (Fig. 3, lane H) . Both fragments were seen only in hybrid cell lines that contained the human X chromosome [Fig. 3 , lane H-CH(+)]. A 7.5-kb Chinese hamster EcoRI fragment was present in all hybrids. The discordancy analysis of this mapping panel is summarized in Table 1 . The presence of the human SYNI sequence shows perfect concordance with the presence ofthe human X chromosome. All other chromosomes are excluded by four or more discordant hybrids.
For regional assignment of S YNI we used a panel of hybrids that contained different regions of the human X chromosome. As summarized in Fig. 1 Left, hybrids with regions A, B, D, or E were positive for the human specific fragments and the hybrid with region C was negative. The shortest overlapping region among positive hybrids was Xp2l.1-*cen. Since region A represents the deleted X chromosome from patient KC, who is heterozygous for chronic granulomatous disease and for ornithine transcarbamoylase deficiency (10) , SYNI must lie proximal to these disease genes. Thus, somatic cell hybrid analysis placed SYNI into region Xp2l.1-*cen which essentially consists of band Xpll, in agreement with the in situ hybridization results (Fig. 1) .
Syn-1 Mapping in the Mouse. The mouse Syn-1 locus was mapped with a panel of 15 Chinese hamster-mouse somatic cell hybrids having reduced numbers of mouse chromosomes (14, 15) . Mouse DNA cleaved with EcoRI revealed a single 6.6-kb fragment [Fig. 3 , lane H-CH(+)], which was present only in hybrids containing the mouse X chromosome [Fig. 3 , lane M-CH(+)]. The discordancy analysis (Table 2) excludes all other mouse chromosomes as potential sites of synapsin I sequences. The series I subclone carrying only the distal half of the X chromosome (XD--XF4) was negative for the mouse-specific fragment while hybrids from this series having both translocation chromosomes were positive. Thus, Syn-1 maps to the proximal region (Xcen--XD)-i.e., between the centromere and the breakpoint in the Searle T16H translocation. Since this region comprises more than half of the mouse X chromosome, we used in situ chromosomal hybridization for a more precise Syn-1 localization. Of 57 grains observed on the X chromosome, 51 (89%) were over region XA1-*A4 with most grains at XA2--A3 (Figs. 2B and  4 ). In agreement with the somatic cell hybrid analysis, the in situ hybridization results localize the mouse synapsin I gene to the proximal region of the X chromosome, XA1->A4.
DISCUSSION
By in situ hybridization, we have found only one chromosomal site in the human genome that contains synapsin I sequences: on the X chromosome in band Xpll. Southern blot analysis of DNA from somatic cell hybrids containing defined parts of the human X chromosome independently assigned SYN1 to region Xp21.1-+cen, which consists almost entirely of band Xpll (Fig. 1) .
There are nearly 20 human X-linked disorders known that involve abnormal development or function of the nervous system (20) . Our localization of the S YNJ gene on the human X chromosome will be useful in determining whether a mutation in the synapsin I gene could be responsible for any of these disorders. Disorders that map elsewhere on the X chromosome, such as Charcot-Marie Tooth peroneal atrophy (M30280; ref. 22) , which is closely linked to the DXYSI restriction fragment length polymorphism on Xq (23), can be excluded immediately. Disease loci that have been mapped to a region that includes band Xpll are considered candidates for possible S YNI mutations. Incontinentia pigmenti (IP), an X-linked dominant disorder prenatally lethal in the male, is characterized by irregular whorled pigmentation of the skin, particularly on the trunk and is frequently associated with developmental abnormalities of the eyes, teeth, and central nervous system, including paralysis, cortical atrophy, and mental retardation (24, 25) . The IP gene locus has been tentatively assigned to Xpll based on several unrelated female patients carrying balanced de novo X/autosome translocations with breakpoints in band Xpll (26, 27) . Norrie disease (locus NDP) is an X-linked recessive disorder that is closely linked to DNA segment DXS7 located at Xpll.3 (28, 29) . Affected males are blind from birth, or soon after, because of a developmental dysplasia of the neuro-retina and some of them are mentally impaired (30) .
The most attractive candidate for a human synapsin I mutation is the Rett syndrome, a neurodegenerative disorder with onset in early childhood, consisting of seizures, deficient brain growth, behavioral stereotypes, profound mental deficiency, and vasomotor disturbances. The disorder occurs sporadically and only in females (31-33) who may, therefore, represent new X-linked dominant mutations. Whether alterations in structure or function of the synapsin I gene are related to the central nervous system defects in patients with these diseases has yet to be evaluated. DNA restriction fragment length polymorphism, detected with a synapsin I probe, in combination with other polymorphic DNA segments, such as DXS7 and DXS14 (29) located at Xpll, could be used for linkage studies, carrier detection, and prenatal genotype prediction in families with NDP.
Knowledge of the chromosomal position of Syn-1 in the mouse will be beneficial for identifying mouse mutants as animal models for experimental studies. We have mapped the mouse Syn-J locus to bands XA1-*A4 near the centromere. An analog of ornithine transcarbamoylase (OTC) deficiency, called sparse fur (spf), also maps close to the centromere of the X chromosome in the mouse (34) . Since the chromosomal band location of the spf locus is not known, the relative position of Syn-1 with respect to spfremains uncertain. In the human, SYNI is at Xpll proximal to the OTC locus in band Xp21.1 (35) . The assignment of Syn-J to the mouse X chromosome, region XA1-*XA4, adds one more marker to the conserved syntenic group for evaluating evolutionary relationship of mouse and human X chromosomes (38) . There are at least 15 homologous loci known on the X chromosomes in human and mouse (Table 3) . Their relative positions on human and mouse X chromosomes are indicated in Fig. 5 . The degree to which homology has been established varies widely. If consideration is given only to those groups of genes that are proven homologous by established criteria (39)-connected by solid lines in Fig. 5 -a minimum of two rearrangement events, an intrachromosomal shift of the centromere/S YNI/ OTC region and an inversion of the center region, would be required to achieve a similar gene order. The relationship between the two X chromosomes becomes much more complicated when the putatively homologous genes-broken lines in Fig. 5 -are included. The locus for human X-linked muscular dystrophy (DMD/BMD) is distal to OTC (35) , and the possible murine counterpart (mdx) is at the middle region of the X chromosome near Bpa (40 (16) . For explanation of the gene symbols see Table  3 and for references to the regional gene assignments see ref. 37 . The relative positions of IMDI and PLP with respect to GLA and of DHTR and MNK with respect to the centromere are not established. Solid lines connect groups of conserved genes of which at least one pair has been proven to be homologous by biochemical or molecular analysis. Broken lines connect genes of putative homology based on phenotypic similarities.
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I punctata, X-linked form) (42) mapped at Xpter-)Xp22.32 (41) . DMD and CDPX are likely to be separated by HPDR of which the mouse counterpart Hyp maps much more distal. The relative map positions and the phenotypic differences between DMD individuals and mdx mice suggests that the mouse mdx may not be the true analog to human DMD, and Bpa being homologous to CDPX (42) can also be questioned. As the maps of homologous loci have become more populated and more accurate, the apparent conservation of defined regions that include several loci on the human and mouse X chromosomes has emerged. Putative homologous mutations achieve a higher level of credibility if they map within such a conserved region. Thus, a mouse mutant more likely to be homologous to human IP on Xpll is Tattered (Td) near spf (43) rather than striated (Str) near mdx (44) . More detailed phenotypic biochemical and molecular studies are needed to clarify the ambiguities and will undoubtedly lead to better understanding of the morphologic and genetic evolutionary changes. 
